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Magnetic circular dichroism of the DX center in Alp 35Gap 65As:Te
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Magneto-optical absorption spectra of 0.4-mm-thick, single-crystal Alo 35Gao 65As:Te give evidence for
two bleachable absorbers, one of which is identified as the DX center. The bleached-state absorption
coefficient and magnetic circular dichroism (MCD), measured from 0.66 to 2.2 pm at 1.7 K, are ade-

quately described by the Drude free-electron model. Cooling the sample in darkness leads to transmis-

sion transients, from which ground-state absorption coefficients and optical-conversion cross sections for
the bleachable absorbers are derived. The conversion threshold is 0.6 eV for the DX and 1.5 eV for the
second bleacher, and the recovery behavior is significantly different for the two. The MCD at the begin-

ning of each transient is identified with the ground state of each absorber, and temperature dependence
reveals that the bulk of the initial MCD has a nonparamagnetic origin. We conclude that the paramag-
netic contribution to the MCD from the DX ground state is very small, being less than 0.004% of its

peak absorption coefficient at T =1.7 K and B =2 T. This provides strong support to the diamagnetic-
ground-state, negative-U model of Chadi and Chang. The origin of the second bleachable absorber has
not been established.

I. INTRODUCTION

The electrical properties of Al Ga& As doped with
the conventional substitutional group-IV (Si,Ge,Sn) or
group-VI (S,Se,Te) donors are observed to change abrupt-
ly in the compensation region x &0.22. ' For x (0.22,
the donors are characterized by simple shallow effective-
mass-like states. For x &0.22, a deeper state emerges
into the gap, trapping and removing free carriers, and
dominating the electrical properties of the material. This
deep level-the so-called DX center —has been a subject of
intense interest and controversy during
the past decade. This interest stems in part from the
DX center's influence on the performance of
Al„Ga, „As/GaAs modulation-doped field-effect
transistors, which are being developed for high-speed cir-
cuit applications. More fundamentally, the DX
phenomenon is a fascinating, challenging, and still un-
solved scientific puzzle.

It is now well established that DX centers in
Al„Ga& As arise from the isolated substitutional n-type
dopants and do not involve a second impurity or defect
nearby as originally proposed. For x & 0.22, these
group-IV or group-VI impurities introduce both the deep
DX level and a shallow effective-mass level in the gap. (In
pure GaAs, DX centers can be induced by hydrostatic
pressure, since this alters the band structure in a way
similar to alloying. ) The deep level's optical ionization
energy is much larger than its thermal one. The shallow
level can be metastably occupied below —100 K by opti-
cal excitation, resulting in persistent photoconductivity
(PPC). Recapture by the deep level is a thermally ac-
tivated, multiphonon-emission process; optical capture
does not occur. These properties appear best explained
in terms of a large lattice relaxation model in which a
substantial change in lattice configuration occurs in the
transformation between the shallow and deep states. '

The extent and microscopic nature of the relaxation is
still in question, however. Direct experimental probes of
the local distortion have yielded contradictory results.

Recent calculations' ' by Chadi and Chang have pro-
duced detailed predictions for the microscopic nature of a
large lattice relaxation at the DX. For group-IV donors,
which occupy a group-III lattice site, the donor is pre-
dicted to break its bond with a nearby As neighbor and
relax in the opposite (111) direction. For group-VI
donors, which reside on group-V lattice sites, it is the
nearby group-III host atom that breaks away in a ( 111)
direction from the donor. A condition necessary for
these relaxations to occur is that the donor bind two elec-
trons in its relaxed state. Assuming that the available
electrons come from the donors, with each donor contrib-
uting one, only half of the donors can be in the relaxed
(deep) state. The other half remain as ionized shallow
donors. Hence, the DX is predicted to behave as a
negative-U system. ' (This prediction has subsequently
been duplicated for the Si atoms by Dabrowski, SchefBer,
and Strehlow. ' However, it is important to point out
that in a similar calculation by Yamaguchi, Shiraishi, and
Ohno, ' this distortion was not predicted to be stable. )

The physical mechanism in the Chadi and Chang mod-
el can be viewed as a Jahn-Teller distortion of a highly lo-
calized, excited t2 state. ' Occupancy by one electron
would be suScient to cause the off-center state to be the
lowest if the relaxational energy gain exceeded the undis-
torted system's ground- to excited-level promotion ener-
gy. Occupancy by two electrons doubles the Jahn-Teller
coupling, and so the magnitude of the corresponding en-
ergy gain, which goes as the square of the coupling
coe%cient, increases fourfold. At the same time, the en-
ergy required to promote two electrons to the t2 level has
increased by only a factor of 2. However, working
against this is the Coulomb repulsion energy U associated
with the two electrons in the same highly localized orbit-
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al. If U is not too large, given by the Anderson cri-
terion, the two-electron state is favored, and the
"effective" U is negative, since the second electron is

bound more strongly than the first.
Negative U is not a common phenomenon, however.

In fact only twice has negative U been demonstrated for
semiconductor defects with known microscopic identi-

ties, and both are in silicon. ' Many experiments have

been performed to test the DX for negative- U behavior.
The most convincing so far may be divided into two gen-
eral categories: those which attempt to count the number
of electrons trapped by the deep DX state, and those
which attempt to detect DX paramagnetism. (Diamagne-
tism is expected in the case of negative- U behavior since
two electrons pair with opposite spins. )

In the first category, a recent measurement of the rela-
tive intensity of a pressure-induced DX Mossbauer reso-
nance in GaAs:Sn has been cited as evidence that the DX
localizes more than a single electron. ' A similar, very
recent study of the localized vibrational modes of Si in

GaAs versus hydrostatic pressure also has been interpret-
ed to indicate that DX traps two electrons. In another
experiment just enough hydrostatic pressure was ap-
plied to GaAs:Ge+ Si, to make the Ge donor, but not the
Si donor, DX like. Then, the number of electrons trapped
at the deep DX state was monitored for different eoneen-
trations of Si, whose role was simply to supply electrons.
The number of electrons trapped at the deep state, as
monitored by deep-level transient spectroscopy and
capacitance-voltage measurements, was estimated to
exceed the number of DX centers, supporting again the
idea that the deep DX state binds more than one electron.

In the second category, conflicting static magnetic-
susceptibility measurements have been reported: one
concluding that the ground state is paramagnetic,
another concluding that the observed paramagnetism is

an order of magnitude smaller than predicted assuming
equal free-spin and DX concentrations. The failure
to observe spin resonance associated with the deep level

is consistent with negative- U behavior, but there are al-

ways several possible reasons for failure to detect a
paramagnetic defect (inhomogeneons alloy broadening,
rapid spin-lattice relaxation broadening, etc. ), and this
also must be considered ineonelusive.

Other types of experiments have provided information
about the DX charge state, but the results are less con-
vincing. For example, measurements of electron mobili-

ty, which depends on defect charge states, have been used

to support different conclusions.
Our purpose in the present work is to determine the

paramagnetic contribution to magnetic circular di-
chroism (MCD) in the near-infrared absorption band of
the deep DX state. This contribution is relatively less
sensitive than EPR to the width and relaxation times of
the ground Zeeman-split states and, therefore, should
reflect more nearly the ground-state static susceptibility.
In addition, being detected in an absorption band specific
to the DX center, the measurement is defect specific.
Therefore, if a paramagnetic component is detected, it
should convincingly rule out negative- U properties of
DX. On the other hand, if none is detected, it will

represent a strong additional argument for DX negative-
U properties.

MCD arises from spin-orbit interaction in the excited
state involved in the optical-absorption transition. Its
magnitude should reflect, therefore, the atomic spin-orbit
interaction of the constituent atoms in the core of the de-
fect. For this reason, the heavier atom tellurium was
selected as the DX donor in our studies. The results to be
described in this paper can be summarized briefly as fo1-
lows.

(l) The optical transmission of Ala 35Gao 65As cooled in

the dark is time dependent. Cooling in darkness popu-
lates the deep ground-state levels, and the light then con-
verts the centers to their metastable states, with the result
that the initial absorption is bleached and replaced by a
different absorption. From analysis of the transient
change in transmission, the absorption coeScients of the
ground and metastable states are separately determined
and found to have different spectral dependences. The
time dependence of the conversion determines the optical
conversion cross section.

(2) Two distinct bleachable absorbers have been
identified in our sample. The spectral dependences of the
optical conversion cross section, markedly different for
the two, identify one as the expected Te DX center. The
metastable- to ground-state recovery kinetics also differs
for the two, as determined from isochronal and iso-
thermal annealing curves. We denote this second bleach-
able absorber PPC2, because it also contributes a second
separable component to the persistent free carriers. To
our knowledge the existence of this component has not
previously been noted. We do not know its origin but we
tentatively conclude that it is unrelated to the Te DX
center.

(3) The MCD of Ala 3~Gao 65As cooled in the dark is

transient, too. In the bleached state, the free-electron
Drude model adequately describes both the absorption
coeScient and MCD, and this interpretation yields an
effective-mass value in reasonable agreement with a re-
cent, more accurate determination. The initial MCD,
measured before significant bleaching has occurred, is as-
sociated with the DX and PPC2 ground states and revea1s
no evidence of temperature dependence. An upper limit
for the paramagnetic contribution to the MCD of only
0.004% of the peak ground-state absorption at T = 1.7 K
and 8 =2 T has been inferred from the scatter of the
data.

This paper is divided into five sections. Section II gives

experimental details. Section III describes measurements
of the metastable state absorption and MCD for both the
DX and PPC2. Section IV describes the determination of
the absorption coeScient and conversion cross section for
the DX and PPC2, and ground-state MCD for the DX.
Section IV also presents our measurements of the DX and
PPC2 recovery. The summary and conclusions are
presented last in Sec. V.

II. EXPERIMENTAL DETAILS

Our sample was a 0.037-cm-thick single crysta1 of
Alp 356ap 65As doped with Te. It was grown by the
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liquid-phase epitaxy method on a GaAs substrate by Hi-
tachi Cable Co. Ltd. , and the Te doping level was
specified as 1.2X10' cm . The substrate was lapped off
prior to our measurements.

The sample transmittance and MCD were measured
with the sample immersed in liquid helium (4.2, 1.7 K) in
an Oxford Spectrornag-4 optical-access magnet cryostat
with quartz windows. The light source was a tungsten-
halogen lamp. A Jarrel-Ash Mark X, —,'-meter mono-

chromator (600 lines/mm, 1 p,m blaze grating) selected
wavelength, with colored glass or semiconductor filters to
eliminate unwanted orders, and an image of the output
slit was focused onto the sample. The image was larger
than the sample to insure uniform sample excitation.
Liquid-nitrogen-cooled Ge, InSb, or InAs detectors were
used to monitor the transmitted light. The spectral
dependence of the incident light intensity was determined
with a pyroelectric detector at the output slit of the
monochromator.

The sample, mounted on a quartz rod at the end of a
long stainless-steel tube, could be lifted into a warmer
part of the cryostat for recovery of the deep DX state in
the dark and then returned for further optical studies.
For study of the recovery kinetics, a copper-Constantan
thermocouple junction was mounted in direct contact
with the sample and the height to which the sample was
raised was adjusted manually to maintain the desired
temperature and time duration.

In our cryostat assembly, normally configured for opti-
cally detected magnetic resonance studies, it was not pos-
sible to attach an aperture mask directly to the sample
and still maintain the required ability to raise and lower
the sample for DX regeneration. Instead, therefore, it
was necessary to place a mask smaller than the sample
image in front of the detector to insure that only the light
transmitted through the sample was being detected. This
optical arrangement made it diffieult to consistently
reproduce optirnurn optical alignment each time the sam-
ple was raised and returned to position. For most of our
experiments, this represented no serious problem because
the necessary information could be extracted from
changes of transmission or MCD versus time or magnetic
field, leaving the sample fixed. However, absolute absorp-
tion coefficient determinations that required separate
measurements of the incident light intensity (by lifting
the sample) were therefore less accurate. These limita-
tions will be addressed at the appropriate points in the
text which follows.

For transmission measurements, a mechanical chopper
(200 Hz) was inserted in the beam before the monochro-
mator, and the transmitted signal was synchronously
detected with a lock-in amplifier. For the MCD measure-
ments, 50-kHz alternate left- and right-circular polariza-
tion modulation was produced by a linear polarizer and a
Hinds International photoelastic modulator placed be-
tween the monochromator and the sample. In this case,
50-kHz synchronous detection produced a signal propor-
tional to the difference in the transmitted intensity for
left- and right-circular polarizations. The magnetic field
was antiparallel to the propagation direction (Faraday
configuration). The paramagnetic contribution to the

MCD at 1.7 K was estimated by comparison to the MCD
measured at 4.2 K, where the —1/T contribution is re-
duced to only -25% of its 1.7-K value.

where d is the sample thickness. The second term is the
first-order reflection-loss correction (neglecting multiple
refiections), which has the value —19.3 cm ' when the
refiectivity R at normal incidence is calculated using the
index of refraction ' n =3.4.

Figure 1 presents a versus wavelength A, . The four
data segments correspond to the four different filters
used. The offsets between the segments —1 crn ', corre-
spond to -4% change in the detected light intensity and
serve as a measure of the unavoidable disturbance of the
optics in changing filters. Random error in the mono-
chrornator starting point causes the glitches since sharp
I-vs-k grating artifacts present in both I and I, do not
completely divide out when evaluating Eq. (1). Funda-
mental absorption dominates for A, (0.65 pm.

A log-log plot of the Fig. 1 data from 0.87 to 2.3 pm
gives, for a best fit to the data, a -4.OA,

' . The wave-
length dependence is, therefore, nearly quadratic as pre-
dicted by the classical, free-electron, Drude model, which
gives

Xe
m

pl nc
(2)

where c is the speed of light; n, the index of refraction of
the material; e, the electron charge; ~„ the relaxation
time; m *, the effective mass; and X, the free-carrier con-
centration. A fit of Eq. (2) to the data yields 3.6
(cm 'pm ) for the coefficient of A, . This fit is plotted
as the smooth curve in Fig. 1.

Equation (2) implies that the absorption is proportional
to the total free-carrier concentration. Since the white
light used to generate the persistent free-carrier popula-

III. THE DX METASTABLE STATE

A. Absorption coefBcient

The simplest DX-center level scheme consists of a
ground level, an optical pumping path to a metastable
level, and a relaxation barrier. Cooling in the dark popu-
lates the ground level, but some electrons may remain
trapped at the metastable level, in principle. Then
magneto-optical ground-state effects, which might be
small, would be inseparable from metastable-state effects,
which might be large. Hence, a thorough magneto-
optical characterization of the metastable state is first
necessary to correctly identify effects exclusive to the
ground state.

DX centers were converted to their metastable states
by white-light illumination of the sample at 1.7 K. Sub-
sequently, the spectral dependence of the optical-
absorption coefficient, n, was determined. The
transmitted intensities I and I;, measured with the sam-

ple in and out of the beam, respectively, were recorded
over a given wavelength range. Then,

1 I 2a = ——In —+—ln(1 —R ),
d I; d
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Figs. 1 and 2, taken on different days. A 5-cm ' error
would correspond to an error in the Io determination of
—20%.]
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FIG. 1 . Absorption spectrum of Alp 35Gap 65As:Te at 1 .7 K
after white-light bleach.

tion includes photons with sufhcient energy to ionize any
band-gap level, a significant fraction of the free carriers
could originate, in principle, from some bleachable ab-
sorber besides the DX. To test this, we remeasured a
after bleaching with monochromatic light at approxi-
mately half the band-gap frequency, which still eSciently
converts the DX (see Sec. IV). Figure 2(a) presents a vs

after a 1.2-p, m bleach. Figure 2(b) presents a after
subsequent additional white-light illumination, which has
clearly increased the free-carrier absorption. The
difference, Fig. 2(c), reveals that the second contribution
comprises about 25 /o of the total and has similar spectral
dependence. Both contributions are similarly persistent,
as revealed by a measurement of the transmission after
keeping the sample 30 min in the dark subsequent to each
bleaching step.

[Note that the values estimated for a in Fig. 2(b) are
smaller ( -2.5 cm ') than those in Fig. 1 —even though
the data were taken on the identical sample. This serves
to illustrate the experimental uncertainty discussed in
Sec. II for absolute absorption-coeScient determinations
where insertion and removal of the sample from the beam
may change the focus and alignment at the detector. The
magnitude of this error depends on the optical alignment,
which was not identical for the measurements resulting in

B. Magnetic circular dichroism

Next we present our measurements of the MCD of the
sample in its bleached state. The measure of MCD,
aMcD, defined as az —az where az (az ) is the absorp-
tion for left (right) circularly-polarized light, is deter-
mined from the transmitted intensities IR and IL accord-
ing to

Z IR —IL
MCD L R

R + L

when (a~ —a„)d && 1. Here, we monitor simultaneously
IR —IL from the lock-in output and IR +IL directly from
the detector with no need to remove the sample. The
MCD results are therefore relatively insensitive to the op-
tical alignment and can be more accurately determined
than the absolute absorption coeScient.

Figure 3 presents the magnetic-field dependence of the
MCD at the wavelengths 0.8 and 1 .4 JMm after white-light
bleaching. A spectrum without the sample shows that
the instrumental background circular dichroism is field
independent, and we take this as our zero, as shown. The
MCD is positive, linear in magnetic field, and increases
with wavelength. Measurements at T = 1 .7 and 4.2 K
give identical results within experimental uncertainty,
showing that paramagnetism of the metastable state plays
an insignificant role in its MCD. Bleaching with 1 .2-pm
light instead of white light gives similar MCD but with
somewhat smaller slopes. This effect will be analyzed
quantitatively next.

Figure 4 presents the rate-of-change of MCD with B
for 0.9 & k ~ 2.0 pm. These data are slopes from linear
fits to curves like those in Fig. 3. Solid triangles
represent data taken after bleaching with 1 .2-pm light
and open squares represent data collected after white-
light bleach. The squares tend to lie above the triangles,
showing that the additional free carriers generated by
white light contribute additional positive MCD. The
spectral dependence of the two data sets are similar.
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FIG. 2. AbsorPtion sPectrum of Alp 35Gap 65Te at 1 .7 K after
(a) 1.2-pm-light bleach and (b) subsequent white-light bleach.
The difference is given by (c).

Magnetic field (T)

FIG. 3. Field dependence of the MCD at 1 .7 K for
Alp 35Gap 65As:Te after white-light bleach.
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0.2 IV. THE DX GROUND STATE

A. Absorption coe%cient

After the sample is cooled to 1.7 K in the dark, the op-
tical transmission is found to be strongly time dependent.
Figure 5 presents the transmitted intensity versus time
for incident light of wavelengths 0.7 and 1.6 pm. The
time t =0 corresponds to the instant that the shutter is
opened and monochromatic light is admitted to the sam-
ple. The 0.7-pm transmission asymptotically approaches
some final value I„,which is more than twice the initial
value Io. This time dependence can be attributed to one
or more bleachable absorbers in the sample. The inset
presents a semilogarithmic plot of the function I„I( t)—
vs time obtained from the 0.7-JMm transient. Evidently,
the 0.7-pm transient is not a single exponential function
of time. This feature will be explained in Sec. IV B.

At 1.6 pm, the transmission decreases exponentially to
a saturation value I' . Additional white-light illumina-

tion further reduces the transmission to its final value
(I„). The white light was turned off at t =700 s, show-

ing that for a period of 100 s there is no evidence of
recovery. The 1.6-AMm I'„(I„) levels persist unchanged
in darkness for 30 min after terminating the 1.6-pm, or
subsequent white-light, illumination. These 1.6-pm
transmission effects can be attributed to the photogenera-
tion of the two components of persistent free-carrier ab-
sorption (Fig. 2).

Figure 5 shows also that the transient rate is slower at
the longer wavelength. For A, ) 1.6 pm, the rates become
so slow that the final state is not obtained in experimen-
tally convenient times. Additional illumination with
1.2 pm&A, &1.6 p,m light was therefore used to more
rapidly determine the final unchanging transmission level
I'„. Subsequent white-light illumination induces a fur-
ther transmission decrease to the level I„ that is stable at
all wavelengths. As before, each induced transmission
change is persistent.

CQ

U

I I I

1.2 1.6 2.0
Wavelength (pm)

0.00.8

FIG. 4. Spectral dependence of the MCD at 1.7 K for

Alp 35Gap 65As:Te after 1.2-pm bleach {solid triangles) and after

subsequent white-light bleach {open squares).

Plotting the squares on a log-log plot reveals the power
law -I, , an approximately cubic wavelength depen-
dence. Fits of the function y =cA, to each data set yield
the two smooth curves in Fig. 4. The coefficients c for
the squares and triangles are 0.0222 and 0.0192
cm 'pm T ', respectively. Thus, the additional MCD
generated by white light comprises approximately 14% of
the total.

The results presented in Figs. 3 and 4 have a simple in-
terpretation. The theory of the Faraday effect, using
the Drude conductivity tensor, gives the expression

16~0 ohio,
+MCD (4)

for free-carrier MCD. It is proportional to the
cyclotron-resonance frequency, co, =eB lm c, where B is
the magnitude of the magnetic field. It is also propor-
tional to the Drude dc conductivity era=¹ rim '. Care
has been taken in determining the sign of Eq. (4) that the
relative directions of magnetic field and photon propaga-
tion coincide with our experimental situation, and we
have adopted the historical optics convention that posi-
tive photon-helicity holds for left-circular polarization.
The aMcD given by Eq. (4) is positive, linear in the mag-
netic field, and increases in magnitude as the cube of the
wavelength, in agreement with our observations.

Dividing Eq. (4) by Eq. (2) gives

MCD ~c=4

.7 pm

.6 pm
white-light
side
illumination

~~
CO

(D

0.1
Q)

E
V)
C

I—

Neither N nor r, appear, so a comparison of Eq. (5) to
our data gives a value for m*. Equation (5) and the
coefficients of the fits to the data in Fig. 1 and the squares
in Fig. 3 give m *=0.06m 0. This value agrees reasonably
with the value 0.08m 0 predicted theoretically and
verified experimentally for the I minimum at an AlAs
mole fraction of 0.35. Evidently, the Drude model ade-
quately describes both free-carrier absorption and MCD,
despite the perhaps overly simple assumptions of parabol-
ic energy dispersion and a frequency-independent relaxa-
tion time.

0.01 0 80

800
Time (sec)

FIG. 5. Examples of transmission transients observed after
cooling Alp 3gGap65As:Te to 1.7 K in the dark. The efFect of
white-light side illumination on the long-wavelength transient is
also shown. The inset is a semilogarithmic plot of the 0.7-pm
transient.
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If bleachable absorbers, initially in their ground states,
are completely converted to the metastable (free-carrier)
state, then the difference between ground- and
metastable-state absorption coefficients is

1a —a = ——lng

60

45—

E
O 30—
(D
O

1 5
Q7

C3

oo0 oo

ooooo Qg
—Qm

&m

Again, this is accurately determined because all time-
independent absorption in the sample, the intensity of the
incident light, and the spectral dependence of the optics
and detector divide out. The intensity I„was taken as
the transmitted intensity after white-light illumination,
which was determined at the end of the run at each wave-
length.

The open circles in Fig. 6 represent values for the
difference a —a, found from measured transients and
Eq. (6), as a function of wavelength. The difference is
large and positive at short wavelengths, showing that
here a &&a

For A, &1.5 pm, ag &a and the data of Fig. 6 ap-
proach the average of the two solid curves, which
represent independent measured estimates of —a . The
long smooth curve is the function —4A. ' found to fit the
data presented in Fig. 1. The short smooth curve is the
negative of the Fig. 2(b) curve. In the last paragraph of
Sec. III A, we attributed the difference in the two smooth
curves to a specific experimental limitation, which does
not affect the measurements resulting in the open circles.
We conclude that a is nearly zero for all bleachable ab-
sorbers when A, & 1.7 pm.

If we add values for a to the values for a —a
represented by open circles in Fig. 6, then we obtain the
absorption coefficient ag for transitions from the ground
levels of the DX and other bleachable absorbers. Using a
simple parabolic function a =2.5X to represent an
average of the two smooth curves plotted in Fig. 6, we
obtain the open circles presented in Fig. 7. At long wave-
length, ag approaches zero. In going toward short wave-

length the data continuously rise to a -30-cm ' plateau
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FIG. 7. Spectral dependence of the ground-state absorption
coeScient and the optical-conversion cross section for bleach-
able absorbers in AIQ 35GaQ 65As:Te at 1.7 K. Values for ag(0 )

are given by open circles (solid triangles).

The results of Sec. IVA represent, to our knowledge,
the first direct transient transmission measurement of the
optical-absorption coelcient of the deep bleachable ab-
sorbers in Al Ga, As. Previously, it has been prirnari-
ly the cross section 0 for optical ground- to metastable-
state conversion that has been measured and assumed to
have the same spectra1 dependence as the absorption
coefficient. We can now test this, since

cr =(rP)

where the conversion rate, v ', and a relative measure of
the photon flux P, are also obtained in our experiment.

The conversion rate ~ ' is found simply from the slope
of in~I„—I(t)~ vs t obtained from the pure exponential
transients found at wavelengths longer than about 1 pm.
For A, 1 pm, the transients are nonexponential, as
demonstrated by the inset of Fig. 5, where the initial con-
version rate is apparently lower than the final rate. This
effect can be explained as arising from a nonuniform-
intensity distribution within the sample, since for A, 1

IMm, agd &1. In order to analyze this, we model the
time-dependent transmission which occurs when a sam-
ple contains a strong, bleachable absorber. The equation
that describes the transmitted fiux P(x =d, t) as photons
eat their way through from x =0 to the back of the sam-
ple at x =d is

between 0.7 and 0.8 pm. At 0.66 pm, a has the value
-60 cm ', revealing an abrupt rise in absorption. It was
not possible to probe the sample with even shorter wave-
lengths because the rapidly rising fundamental absorp-
tion made the transmission immeasurably small.

B. Conversion cross section

P(d, t)=P(x =0)exp (ag —a —)
—15

0.5 1.0 1.5 2.0
Wavelength (pm)

FIG. 6. Spectral dependence of o.g
—u . The smooth curves

represent separate and independent measurements of —e
The dashed line denotes the ordinate zero. %'ith (a —a ) determined by the ratio

d
X f exp cr f 'P(x, t—)dt dx

0 p
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FIG. 8. Spectral dependence of the conversion cross section
for DX (solid triangles) and PPC2 (open squares). The smooth
curve was taken from Fig. 4 of Ref. 3.

P(d, O)/P(d, aa ) =ID/I„as given by Eq. (6), we find that
each nonexponentia1 transient can be accurately repro-
duced by a suitable choice of o..

The sohd triangles in Fig. 7 give our values of o vs A.

where for A, ~ 1 pm, o. is found from the fit of Eq. (8) to
the measured transmission transients. (The o data have
been multiplied by a single scaling factor so that they
may be plotted over the same ordinate range as the ag
data. ) It is clear that both o and a have the same spec-
tral dependence, and this confirms that the optical-
absorption cross section and the optical conversion cross
section are, indeed, proportional.

Since ~ ' can be estimated accurately for values rang-

ing from a few seconds to many minutes, accurate values

of 0. can be obtained over many decades and extend,
therefore, over a much wider spectral range than avail-

able for the absorption coefficient. Figure 8 presents the
spectral dependence of log, ocr (solid triangles) over six de-

cades. The solid line (suitably scaled from Fig. 4 of Ref.
3) is the DX conversion cross section found in

Alp 37Ga0 63As:Te by a capacitance-transient technique.
The spectral dependence of the triangles and line agree
well for A, &0.9 pm, confirming that here our transients
reQect the well-established DX conversion only. For
k & 0.8 pm, however, the data and curve diverge
significantly, revealing the onset of a second, more rapid-

ly bleaching absorber. The sudden increase in o. at 0.66
pm (Fig. 7) also supports this identification of a second
bleaching process in this spectral region.

In order to better characterize the second bleaching
process, we performed the following double-bleaching ex-
periment. After cooling the sample in the dark, the DX
center was first bleached with monochromatic light at 1.2
pm, where we are reasonably sure that only the DX is be-

ing bleached. Then, the sample transmission at shorter
wavelengths was monitored to see if any other bleachable
absorption remained. Figure 9 presents the sample
transmission versus time where, at t =0, the shutter is
opened and 1.2-pm monochromatic light is admitted to
the sample. The 1.2-pm transmission rises exponentially
to a stable level, the shutter is closed, and the monochro-
mator is quickly set to 0.66 pm. Upon reopening the
shutter, a second transient is observed. Afterward, no

C
1.2 p.m

CO (x go)

l

Time (sec)
275

FIG. 9. Separated DX and PPC2 transmission transients.

further transmission change at any wavelength can be in-
duced by white-light side illumination.

Values for the conversion cross section of the second
bleaching process, obtained in this manner according to
Eq. (7), are plotted versus wavelength as the open squares
in Fig. 8. The squares and triangles rnatch at A, =0.66
pm, but the squares fall off rapidly with increasing wave-

length. Evidently, the second process is insignificant at
the longer wavelengths where the triangles match the
smooth curve. Since bleaching the second, short-
wavelength band generates additional persistent photo-
conductivity (Sec. III), we identify the second transient
with PPC2.

C. Metastable- to ground-state recovery

The metastable- to ground-state recovery for DX and
PPC2 was measured by monitoring the partial recovery
of their corresponding ID~I„ transmission transients
after isochronal and isothermal sample anneals at inter-
mediate temperatures, with the following results: When
the sample is warmed to an insufficiently high ternpera-
ture and then recooled in the dark, the bleached centers
do not return to their ground states, no transient is ob-
served, and ln(IO/I„) is zero. When the sample is

warmed above —100 K, we find transients similar to
those in Fig. 9, and ln(IO/I„) has its maximum value,

[ln(Io/I„)]m, „=—d(a —a ) for both DX and PPC2.
In Fig. 10, we present 1n(I&/I„)/[ln(IO/I„)], „after
five-minute isochronal anneals as a function of annealing
temperature. The open circles are found from the initial
1.2-pm transients associated with the DX. The solid
squares are found from the subsequent 0.66-pm transients
associated with PPC2. Recovery of PPC2 occurs at a
temperature about 10 K lower than does recovery of the
DX.

Figure 11 presents isothermal annealing data for the
DX and PPC2. Here we plot the function
1 —[ln(IO/I )/[ln(Io/I )],„]. When no transient is

observed, this function has the value 1. Following com-
plete recovery, where the full transient is observed, it has
the value 0. The top portion of Fig. 11 presents the data
for the DX and the lower portion presents the data for
PPC2. The data corresponding to different annealing
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FIG. 13. Initial MCD vs magnetic field at 900, 1032, and
1250 nm. Data measured at 1.7 K (4.2 K) are given by open cir-
cles (crosses) and fit by dashed (dotted) lines.

1032, and 1250 nm. These wavelengths were chosen to
probe the broad absorption band near its peak and max-
imum derivative positions, the regions where maximum
MCD is normally encountered. The circles (crosses) are
1.7 K (4.2 K) data. The dashed (dotted) lines are linear
fits to the 1.7 K (4.2 K) data. The initial MCD decreases
rapidly with increasing wavelength, opposite to the free-
carrier MCD spectral dependence (Fig. 4), so any free-
carrier contribution to the initial MCD is small. This
supports our identification of the initial MCD with tran-
sitions only from the ground states of the DX and PPC2.

The initial MCD shows no statistically significant tem-
perature dependence. Values of the initial MCD at 2 T
for the temperatures 1.7 and 4.2 K are given in Table I.
Their difference at each wavelength, also given in Table I,
is a measure of the scatter and gives an upper limit for
possible paramagnetic contributions to the MCD. Divid-
ing this difference at 0.9 pm, where the ground-state
M CD is largest, by a —30 cm ' shows that the
paramagnetic contribution to the fractional MCD is less
than 0.004%%uo.

V. SUMMARY AND CONCLUSIONS

TABLE I. Initial MCD (2 T) from 1.7 and 4.2 K data and
difference.

Wavelength
(nm)

Initial MCD at 2 T
(cm ')

4.2 K1.7 K
Difference

(cm ')

900
1032
1250

0.0144
0.0103
0.000 84

0.013 3
0.007 46
0.003 40

0.001 10
0.002 84

—0.002 56

In Sec. III A we presented absorption spectra for our
Alp 35Gap 65As:Te sample when the DX centers, or the

DX together with a second bleachable absorber (PPC2),
were in their metastable states. An adequate description
was provided by the Drude free-electron model. Previous
measurements of DX metastable-state absorption spec-
tra from 3.3 to 25 pm for more lightly doped (1—4X 10'
cm ) Al„Ga, „As:Te at 10 K have been interpreted as
the photoionization tail of a shallow level. Our measure-
ments extend the previous results to higher-frequency
and greater-carrier concentration, where the free-electron
model might be expected to provide a reasonable descrip-
tion.

Recent measurements ' from 0.62 to 2.5 pm on optical-
ly thick Alp 46Gap 54As:Te at 77 K under constant 1.06
pm illumination, or in thermal equilibrium at 300 K, re-
vealed a broad peak at 2.2 pm superimposed on a free-
carrier absorption background. Our wavelength range is
too limited to be able to identify such a peak in our spec-
tra (Fig. 1). The peak was interpreted as evidence for an
intracenter transition to an excited state of the DX, but
there is an alternative possible explanation. A broad
peak superimposed on free-carrier absorption has been
found at similar wavelengths in the spectra of n-type,
GaP GaP As, „, GaAs, ' InP GaSb, A1Sb,
and Si, and is attributed in each case to excitation of
free electrons from the conduction-band minimum to
secondary minima. Peaks in free-carrier absorption can
also occur, in principle, when optical-deformation poten-
tial scattering is dominant.

Reference 41 also showed that at 77 K long-
wavelength (free-carrier) absorption disappeared with a
10 s time constant after terminating the illumination,
while the short-wavelength (DX-band) absorption showed
only a 50% recovery during this time. The interpreta-
tion ' was that recapture of free carriers takes place via
some intermediate, localized state. Invoking the
negative-U model, ' ' this state was identified as the neu-
tral charge state of the DX. Our Fig. 11, which shows a
rapid 50%%uo recovery of transmission transients in the 77-
K range but only a slow full recovery, is consistent with
the experimental observations of Ref. 41. Since we did
not monitor the longer-wavelength free-carrier recovery
separately, we cannot confirm or deny their interpreta-
tion.

In Sec. III B we presented measurements of the
sample's MCD when the DX, or the DX together with
PPC2, were in their metastable states. The results were
interpreted by the theory of the Faraday effect and were
again found to be adequately described by the free-
electron Drude mode1. Furthermore, a comparison of
the absorption coefficient and the MCD yielded a value
for the electron effective mass which was in reasonable
agreement with a recent, more accurate report.

In Sec. IVA we described the transmission transients
observed after cooling the sample to 1.7 K in the dark.
Values for the difference in ground- and metastable-state
absorption coefficients for the DX and PPC2 together
were obtained from the initial and final transmission lev-
els. Then, using the results of Sec. IIIA, we arrived at
values for the ground-state absorption coefficient alone.
This represents, to our knowledge, the first direct tran-
sient transmission measurement of the optical-absorption
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coefficient of the deep bleach able absorber s in
Al Ga& As. This absorption was found to approach
zero at long wavelength, but near the band gap the ab-
sorption rose abruptly to a large value.

In Sec. IVB, we presented our determination of the
optical-conversion cross sections for the bleachable ab-
sorption processes. We found that the conversion cross
section for the DX and PPC2 together has the same spec-
tral dependence as their ground-state absorption
coefficient. The conversion threshold is about 0.6 eV for
the DX and about 1.5 eV for PPC2.

Our measurement (Sec. IVC) of the metastable- to
ground-state recovery of the DX and PPC2, separately,
revealed significant differences between the two. This
difference, together with the large difference in optical
ionization threshold, suggest that the DX and PPC2 are
unrelated. Following our optical identification of PPC2,
Mochizuki and Mizuta have observed it via photo-Hall
measurements in a specimen cut from the same wafer as
our sample. These workers found no evidence of PPC2 in
molecular-beam-epitaxy material, however. Hence, we
tentatively conclude that PPCZ is related to another in-

teresting defect that displays DX-like behavior, but one
that is apparently specific to our sample and that it is
therefore unrelated to the Te DX center.

In Sec. IV D we presented measurements of the time-
dependent MCD. The initial MCD showed no evidence
of a free-carrier contribution. Contributions from non-
bleaching centers must be small also; otherwise the sim-

ple free-carrier interpretation for the metastable state
(Sec. III) would have been inadequate. Hence, we were
able to identify the initial MCD with optical transitions
originating in the DX and PPC2 ground levels.

The initial MCD shows no statistically significant tem-

perature dependence. Taking the scatter as an upper lim-

it for the possible paramagnetic contribution to the DX
ground-state MCD, a value of only 0.004% of the absorp-
tion coeflicient is found. Since fractional MCD (scaled to
our temperature and field strength) of paramagnetic de-

fects in semiconductors or insulators is usually ' on
the order of 0.1 —10%, our result supplies strong addi-
tional support to the diamagnetic-ground-state,
negative-U model of Chadi and Chang. ' '

It is important to point out, however, that it is not a
proof. As pointed out in the introduction, the detection of
a significant paramagnetic contribution would have
served as a proof for a paramagnetic ground state. How-
ever, as in EPR, the failure to detect paramagnetism is
not a proof of its absence. In the case of MCD, its
strength is proportional to spin-orbit interaction in the
final level of the optical-absorption transition. We have
no direct information of its magnitude and it could be
small and strongly quenched by the low symmetry of the
defect. Thus, the very low upper limit that we have es-
tablished for the paramagnetic MCD component must be
considered another strong evidence against the neutral,
paramagnetic, single-electron-state model, but this latter
model is still not completely ruled out and therefore con-
tinues to deserve scrutiny in future works.
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